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A Chlamydomona~' reinhardtff molybdenum cofactor (MoCo).carrier protein (CP), capable of reconstituting itrate redugtase activity with apopro- 
tein from the Neurospora crassa mutant nit.l, was subjected to experiments of diffusion through a dialysis membrane and gel filtration. CP bonded 
firmly MoCo and did not release it efficiently unles-~ aponitrate r duetase was present in the incubation mixture, Stability of MoCo bound to CP 
against air and heat was very similar to that of fre¢-MoCo released from milk xanthine oxidase. Our data strongly suggest that MoCo is directly 
transferred from CP to aponitrate reductase to form an active enzyme, 
Molybdenum ¢ofactor; Molybdopterin; Nitrate reductase; Xanthine oxidase 
1. Introduction 
Except for dinitrogenase, all molybdocnzymes stud- 
ied appear to contain molybdopterin [1-3]. Much is 
known about the structure of molybdopterin and one 
of' its precursors [4,5] and about genes involved in its 
biosynthesis [2,6-9] but proteins involved in the path- 
way from early precursors and molybdate to the final 
incorporation of MoCo into apoenzymes are poorly 
understood. Only in a prokaryotic organism, F, scher- 
ichia cull [10], and in a eukaryotic one, Chlamydomonas 
reinhardtii [11], a 40-50 kDa protein, named carrier 
protein (CP), that binds active MoCo and is not a mo- 
lybdoenzyme [10,11], has been found. Its function is not 
clear, however, in E. coli the instability of active MoCo 
has been related with the lability of the binding of 
MoCo to this CP [10]. The fi'ee-MoCo which is also 
present in extracts from E. coli and C. reinhardtii may 
not necessarily exist in rive, since in vitro it could be 
released from th0 carrier proteins with which it is asso- 
ciated [10,11]. 
In a previous work we proposed that the MoCo-CP 
from C. reinhardtii s able to reconstitute directly NR 
activity with apoprotein from N. crassa ntt-1 mutant 
[11]. Data presented herein strongly support that pro- 
posal. 
Abbeev#ttians: CP, carrier protein; MoCo, molybdenum cofactor; 
NR, nitrate redueta~e; 1~O, xanthine oxida~e. 
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2. MATERIALS AND METHODS 
Cells of C, reinhardtli wild-typ~ 6145c (from Dr. R, Sa•er, Hunter 
College, NY) were grown in liquid minimum medium with COz.en- 
riched air (5% v/v) containing 10 mM ammonium chloride [12]. Cells 
were harvested at tile mid-exponential phase of growth and stored at 
-40 *C nntil use. Mutant strain nit.1 of N, crassa was grown aerobi- 
cally in basal Fries medium containing ammonium [13] and aponitrate 
redactase was induced as described previously [11], 
Extracts from C, reO~hardtii cells were obtained by gently thawing 
the frozen cell pellets in bufrer A (25 mM Tris-HCl, pH 8,0, containing 
1 mM EDTA and 1 mM PMSF) degassed with O.-free argon (2 ml/g 
fresh weight) as detailed elsewhere [1 I], Extracts from nit.l mycelia 
were obtained in buffer B (25 mM potassium phosphate, pH 7,5, 
containing 25 mM sodium molybdate and 1 mM EDTA) as reported 
[111. 
MoCo was released from milk xanthine oxidase (XO) preparations 
by heating at 80°C for 90 s [111, C reh~hardtti MoCo bound to CP wa~ 
routinely obtaine~l by filtration of extracts through a Sephadex G-25 
column (1.5x8 eat) equilibrated with 50 mM potassium phosphate 
buffer, pH 7,0, unless otherwise indicated, Active MoOn was assayed 
by determining the reconstituted nitrate reducta~e activity as previ- 
ously described [11] in a mixture of 200 I~1 or N. crassa tfft-I mutant 
extract and 100 #1 of the MoCo source after prcineubation under 
optimum conaplementation c ditions at IS°C during 1-3 h. One unit 
of active MoCo is defined as the amount of MoCo that yielded one 
unit of reconstituted NR activity expressed as th0 amount of enzyme 
which catalyzes the reduction of 1/amol of nitrate per rain. Comple- 
mentation experiments through adialysis membrane were carried out 
by placing 1.5 ml or extract of N, et'assa nlt.l mutant in a dialysis has 
opened at one ~ide and immersed into the MoCo ~ource, At the 
indicated time~, 100 ~l-samples were taken for MoCo assays which 
were performed during 5 rain as indicated above, Nitrite was estimated 
colorimetrically aeeordin8 to Snell and Snell [14] and protein was 
measured according to Smith et al, [15] using bovine ~erum albumin 
as a ~taadard, 
3. RESULTS AND DISCUSSION 
Extracts from ammonium-grown cells of C. rein- 
hardtii show most of their MoCo activity associated 
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Fig, 1. Kinetics of direct and nondirect complementation between 
MoCo bound to CP from C. reinhardtii or free-MoCo from milk XO 
and apoNR from nit.l mutant of N, crassa, Complementation was 
carried oat at 20°C either directly between crude extracts containing 
CP-MoCo and apoNR from nit.1 (filled triangle) or nondireetly 
(through a dialysis membrane) between CP-MoCo and apoNR (open 
triangle), and between free-MoCo from milk XO (released by heat 
treatment) and apoNR (circle), One hundred percent of MoCo activity 
corresponded to 8.2 and 5,1 mU lot MoCo bound to C, retnhardt{i CP 
and MoCo from XO, respectively, in 3-h direct complementation 
assays. Other experimental details arc described in Materials and 
Methods. 
with a carrier protein [11]. When extracts of C. rein- 
hardtii containing MoCo bound to CP were incubated 
at 15°C for 0-75 rain and then subjected to gel filtra- 
tion, more than 90% of MoCo remained bound to CP. 
To determine whether MoCo bound to CP could be 
directly transferred to apoNR of N. crassa nit-I mutant 
without previous dissociation of MoCo from CP, we 
compared the kinetics of direct and nondirect (through 
a dialysis membrane) complementation of MoCo from 
C. reinhardtii and apoNR from N. crassa nit-I mutant 
(Fig. I). Free-MoCo released from milk XO was used 
as a control of the nondirect complementation. Unlike 
free MoCo from milk XO, MoCo bound to CP was not 
efficiently released and so did not diffuse tbrough the 
dialysis membrane (Fig. 1). Reconstitution fNR activ- 
ity by free-MoCo from XO (nondirect complementa- 
tion) and CP-MoCo (direct complementation) took 
place to a similar extent and with a similar kinetics. All 
these results indicate that C. reinhardtii MoCo-CP is 
directly taking part in the transfer of MoCo to apoNR. 
Since CP cannot pass through the dialysis membrane 
and binds strongly MoCo, a physical contact between 
CP and apoNR either direct or mediated by any other 
protein is required. Unlike CP of C. reinhardtii, that of 
£. coli binds MoCo very loosely [10]. 
MoCo-CP of E. coli protects active MoCo from inac- 
tivation by heat or oxygen [6,10]. In contrast, in C. 
reinhardtii MoCo associated with CP was highly sensi- 
tive to air and showed an inactivation pattern very sim- 
ilar to that of frec-MoCo released from milk XO (half- 
lives about 15 rnin at 3°C). An increase of temperature 
up to 15~C resulted in shorter half-lives (about 7 rain). 
These inactivating effects were much protected by the 
presence ofthiol group reductants, specially 1 mM DTT 
that maintained high the levels of  active MoCo bound 
to CP even after aerobic incubation for 5 h. These re- 
suits are in zgreement with those previously reported 
for free-MoCo from different sources [17-19] and ap- 
pear to indicate that in C. reinhardtii binding of MoCo 
to CP does not protect from inactivation. 
Acknowledgements: Supported by DOICYT (Grant PB89.0336) and 
1unta de Andaluela, Spain, (Grant SET 88 and Grupo no. 1038 
P,A,I,). The skillful secretarial assistance of Ms. C. Santos and !. 
Molina is gratefully acknowledged. M.A. and K.K. thank Consejeria 
de -F.dueaci6n y Cieneia (Andalueia, Spain) for an F.P.I. fellowship 
and a short-term fellowship, respectively. 
REFERENCES 
[1] Johnson, J.L, (1980) in: Molybdenum and Molybdenum-conlain. 
ing Enzymes (Coushlan, M.P, eds.) pp. 345-383, Pergamon 
Press, New York. 
[2] Rajagopalan, K.V, 0989) in: Molecular and Genetic Aspects of 
Nitrate Assimilation (Wray, J.L. and Kinghorn, J.L, eds,) pp, 
212-226, Oxford Scien~ Publications, Oxford, 
[3] Johnson, J.L., Bastian, N.R. and Rajagopalan, K.V, 0990) Pro,:. 
Natl, Acad, Sci, USA 87, 3190-3194, 
[4.] Kramer, S,P,, Johnson, J,L,, Ribeiro, A,A,, Millington, D.S. and 
Rajagopalan, K.V, (1987) J. Biol. Chem. 262, 16357-16363. 
[5] Johnson, J.L,, Wuebbens, M.M. and Rajagopalan, K.V. (1989) 
J. Biol. Chem. 264, 134.40-13447. 
[6] Hinton, S.M, and Dean, D. (1990) Microbiology 17, 169-188. 
[7] Stewart, V, (1988) Microbiol, Rev, 52, 190-232. 
[8] Wmy, J,L. (1989) in', A Genetic Approach to Plant Biochemistry 
(BIonstein, A.D. and King, P..l, cds.) pp, 101-157, Springer-Vet- 
lag, New York. 
[9] Fermindez, E. and C.4rdenas, J, (1989)in: Molecular and Genetic 
Aspects of Nitrate Assimilation (Wray, J,L. and Kinghorn, J.L. 
eds,) pp, 101-124, Oxford Science Publications, Oxford. 
[10] Amy. N,R, and Rajagopalan, K.V. (1979)J. Bacteriol. 140:114- 
124 
[1 l] Aguilar, M,, C~irdcnas, J. and Fermindez, E. (1991) Bioehim. 
Biophys, Acta 1073, 464-469. 
[12] Harris, E, (1989) The Chlamydomonas Soar~book, Academic 
Press, New York. 
[13] Oarrett R.H. (1972) Biochim. Biophys. Acta 264, 481-489. 
[14] Snell, F,D. and Snell, C.T. (1949) Colorimetric Methods of Anal- 
ysis, vol. 2, Van Nostrand, New York, 
[1S] Smith, P.K., Krohn, R.i., Hcrmanson, G.T., Mallia, A.K., Oart- 
ner, F.H., Provenzano, M.D,, Fujimoto. E,K., Goke, N,M,, 
Olson, B,J. and Klcnk, A.C. 0985) Anal. Biochem. 150, 76-85. 
[16] Fem',indez, E. and C~'.'rdenas, J. (10.81) Planha 153. 254-257, 
[17] Spanning, R.J.M,, Wansell.Bettenhaussen, C.W., Oltmann, L.F. 
and Stouthamer, A H. (1987) Eur. J. Biochem. 169, 349-352. 
[18] Hawkcs, T.R. and Bray, R.C. (1984) Biochem. J, 219, 481-493. 
[19] Mendel, R.R. 0983) Phytochemistry 22, 817-819. 
163 
